E protein, the 29 Kd repE gene product, is essential for the replication of the Escherichia coli F plasmid. The repE gene has been cloned and expressed in an inducible ATG-fusion vector, and the protein product has been purified to homogeneity.
INTRODUCTION
The 94.5 Kb Escherichia coli F plasmid is a stringently maintained, low copy number plasmid (1-2 copies per cell) belonging to the FI incompatability group. The F plasmid repE gene codes for the 29 kd E protein which 1s required for replication (1, 2, 3) .
In addition, recent genetic and biochemical evidence has confirmed a multifunctional role for this protein during F plasmid replication (4, 5, 6, 7) . Most low copy number plasmids seem to share a common mechanism whereby replication is regulated by the stringently controlled expression of an initiator protein (4, 8, 9, 10) . However, unlike plasmids belonging to the FII incompatabil 1ty group that control expression of their replication proteins through the use of Inhibitory counter transcripts, it appears that E protein is regulated by binding tightly to Its own operator (5, 6, 7) .
In addition to the autoregulation of its own expression, E protein is required for F plasmid replication (2, 3) and was found to bind to the 19-bp direct repeats present in both incB and incC and to the ori2 region (6, 7) .
Although these regions share a common octanucleotide consensus sequence 5 1 -TTGTCACA-3', gel retardation experiments indicate a much higher affinity of E protein for its operator sequence than for the 19-bp direct repeat sequences (6) . Also, the pattern of protection against DNAase I cleavage differs signi-ficantly between these binding sites. E protein gives almost complete protection to a 30-bp sequence spanning the repE operator region whereas Its binding to the four 19-bp repeats 1n _incB shows a pattern of alternating reduced and enhanced cleavages (6) .
The Increased replication frequency of the F plasmid when excess E protein is supplied 1n trans Indicates that the E protein is a rate limiting factor in the replication of the entire basic replicon (5) .
The low intracellular concentration of E protein (11) 1s first set by autorepression through binding of E protein to the repE operator. The level of E protein 1s regulated secondarily by titration of Its binding to the 19-bp repeats of the 1ncB and incC loci (12) .
An understanding of the biochemical basis for the different Interactions of E protein with these distinct sites 1s essential for the development of a more comprehensive model of the regulatory mechanisms of the F plasmid and requires the availability of purified E protein.
We describe here the purification of E protein to homogeneity and the kinetic analysis of Its binding to the repE operator.
MATERIALS AND teTHODS
Bacterial strains, plasmids and media.
The repE gene was placed under the control of the S.. typhimurium ara BAD promoter to create the indudble ATG-fus1on vector pREPE5. This plasmid was propagated in the ara-deleted host strain Escherichia coll MC1061 which was grown and Induced in mineral base media as described elsewhere (6) . Enzymes and Buffers.
All restriction enzymes used were obtained from Bethesda Research Laboratory.
TEMG buffer 1s 20 mM Tr1s-HCl pH 7.5, 0.1 mM EDTA, 10 mM 2-mercaptoethanol and 10X glycerol. KPEMG buffer 1s identical to TEMG except that the Tr1s buffer was replaced by 20 mM KPO4 buffer pH 7.0. Binding buffer 1s 20 mM Tr1s-HCl pH 7.5, 0.1 mM EDTA, 10 mM 2-mercaptoethanol and 50 mM KC1. Poiyacrylamide gel analyses A polyacrylamide gel retardation assay modified from Fried and Crothers (13) was used to detect and quantify the DNA-bind1ng activity of E protein as described previously (6) . The standard binding reaction used throughout the E protein purification procedure consisted of 5 ng of end-labelled Bglll/Aval fragment ( fig. 1 Figure _1 . Schematic representation of the E protein binding sites within the BglII/Aval fragment of the F piasmi^T E protein binding sites determined by polyacryl amide gel retardation assays and DNAase I protection studies (6) are found within each of the four 19-bp direct repeats of incB and within the inverted repeats overlapping the repE operator. Also Indicated is the repE promoter regions and the 5' tenninus of the repE gene. (14) . The reactions were incubated 15 min. at 37°C after which 2 yl of agarose loading buffer was added and electrophoresis carried out as described previously (6) . Any variations from this standard reaction are described in the text.
To monitor the extent and purity of E protein, a discontinuous SDS-Page system was used (15) . Purification of E protein.
E_. coli MC1061 (pREPE5) cells were grown overnight at 37°C in mineral base medium containing 25 pg/ml tetracycl1ne-HCl and subsequently used to inoculate 10 liters of the same medium. 1-arabinose (Cal-Biochem) was added to the culture to a final concentration of 1$ (w/v) after reaching an O.D.595-=0.2.
Induction was allowed to proceed 6-8 hrs after which the cells were harvested and resuspended 1n 50 mis TEMG buffer containing 0.45 M KC1. The cells were then lysed by two passages through a French pressure cell and cellular debris and unbroken cells removed by a low speed centrifugation step (SS-34 rotor, 10,000 x g, 10 m1n.). The supernatant was decanted and centrifuged at 150,000 x g for 1 hr. All centrifugation steps were carried out at 4°C. The resulting supernatant was passed through a diethyl aminoethyl (DEAE)-Sephacel column (10 ml bed volume) and the flow-through collected and dialyzed against TEMG buffer containing 50 mM KC1. The dialyzate (75 mis) was loaded onto another DEAE-Sephacel column (1.5 x 15 cm) equilibrated in TEMG buffer containing 50 mM KC1, washed with one bed volume of the same buffer and the bound proteins eluted with a linear KC1 gradient (50 mM-500 mM). The fractions displaying binding activity to the Bglll/Aval fragment ( fig. 1 ) in the presence of the non-specific competitor DNA poly(dI-dC)«poly(dI-dC) were pooled.
The pooled fractions (approx. 2 mis) were dialyzed in TEMG buffer containing 50 mM KC1 and loaded onto a Mono Q HR 5/5 FPLC anion exchange column (Pharmacia).
The column was eluted with a linear KC1 gradient (50 fhi Superose-12 column wai pre-equil ibrated with KPEMG buffercontaining 100 mM KC1. Protein markers (20-30 yg each) were combined and loaded in a 250 yl volume onto the Superose-12 column (panel A.)-The protein markers used were bovine serum albumin dimer (peak A, Mr 136,000), bovine serum albumin monomer (peak B, Mr 68,000), ovalbumin (peak C, Mr 45,000), chymotrypsinogen A (peak D, Mr 25,700) and lysozyme (peak E, Mr 14,000). B. E protein (25 pg in 250 pi KPEMG buffer plus 100 mM KC1) was chromatographed under the same conditions as in A.
mM-500 mM) and the fractions containing DNA binding activity (eluting between 180 and 260 mM KC1) were pooled.
The appropriate fractions, after being assayed for DNA binding activity, were dialyzed 1n KPEMG buffer containing 50 i nM KC1. The dialyzate (approx. 2 mis) was loaded onto the Mono S HR 5/5 FPLC cation exchange column and eluted with a linear KC1 gradient (50 mM-450 mM). The peak of binding activity (eluting at 350 mM KC1) was pooled and dialyzed against KPEMG containing 50 mM KC1 with the glycerol level increased to 50% (v/v) and the pure protein stored at -20°C.
RESULTS
Purification and physical characterization of E protein. Specific binding of proteins to sites having two-fold rotational symmetry generally Involves some multimeric form of the protein (16) . Previous results demonstrated that E protein forms distinctly different complexes at the incB and repE operator sites (6) . Binding of E protein at these two sites might possibly reflect binding by different forms of the E protein.
In order to determine whether the purified E protein might exist as a higher oligomeric form, an aliquot of the mono S fraction of the E protein was analyzed by gel By using a slight modification of the gel binding assay, we were able to measure the dissociation rate constant for complexes of E protein bound to the repE operator DNA (Alul/Aval fragment). Purified E protein was added to endlabelled repE operator fragment to the level where >95% of the input DNA was bound after reaching equilibrium.
After a 15 min incubation, a 100-fold excess of unlabelled repE operator fragment was added to bind any free E protein.
The addition of unlabelled specific DNA also allows for the preferential binding of E protein released from the labelled DNA, thus ensuring accurate dissociation measurements. Samples (15 ul) were removed with time and electrophoresed. Figure 5 shows a typical dissociation experiment. The bands of unbound and complexed DNA appear skewed due to ongoing electrophoresis between sampling times. Dissociation of E protein from the repE operator appears to follow first-order kinetics with a half-time of approximately 22 min at 50 mM KC1. The dissociation rate constant for the repE operator calculated from the data in figure 6 is 5 x 10-4 $-1 (18) . 
DISCUSSION
It has been shown for F plasmid (19, 20) , as well as for a large number of bacterial plasmids examined to date, that replication is modulated In a negative manner. This is usually accomplished through the regulation of an essential, positively acting factor required for plasmid replication (9). In the case of F plasmid, the E protein has been shown to be required for replication both at the primary (or1l) and at the secondary (ori2) F plasmid origins of replication. E protein appears to be present at a low intracellular concentration and 1s rate-limiting for F plasmid replication (4,5,11). Direct biochemical evidence of the binding of the repE gene product to its autogenous operator as well as to the 19-bp direct repeats comprising the incompatability regions incB and incC has been presented recently (6,7). These results directly support the results of Tsutsui et a\_. (21) who have postulated a role for these 1nc regions 1n titrating E protein and thus controlling, along with the repE operator, the availability of this essential replication protein for Initiating replication. The ability of the E protein to bind to multiple sites reflects its functional complexity and together with previous evidence that different protein-DNA complexes exist at these different sites, underscores the Importance of the availability of purified E protein.
By cloning the repE gene under the control of the Inducible araB promoter, E protein can be expressed upon the addition of arabinose to the culture. The assay of this protein throughout the purification scheme exploited the specific DNA binding properties of E protein, thus resulting in Its rapid purification. Gel filtration of the purified protein was consistent with 1t being a dimer in 0.1 M KC1. Neither monomers nor multimeric forms larger than the diraer were observed under these conditions. The diroer was found to bind to both the 19-bp repeats and to the repE operator.
This result 1s of interest In view of the model proposed by Trawick and Kline (22) 1n which different forms of E protein are postulated to exist, one of which binds to the direct repeats and a different form of which may bind to the repE operator. Our results Indicate that E protein Is largely in a dimeric form which appears capable of binding to both the repE operator and to the direct repeats. Previous results (6) showing the absence of intermediate bands during gel retardation analysis of the Alul/Aval repE operator fragment, 1s consistent with the direct binding of a dimeric form of the protein to the rotational ly synmetric operator sequence.
DNA binding by Cro, lambda repressor and CAP proteins involves DMA contacts by two a-helices named a-2 and o-3 (or E and F in CAP) (16) . Since these three proteins are structurally homologous within these two adjacent helices, 1t was predicted that other DNA-binding proteins would reflect this homology. Indeed a list of proteins sharing structural homology to these two helices have been compiled which include both the lac repressor and araC protein (16) . Examination of the aroino acid sequence of E protein shows a similar pattern of conserved residues and residue types suggesting that E protein also forms such a hel1x-turn-hel1x structure. At the ami no-terminus of the E protein, between amino acids 64 to 84 (12), the highly conserved alanine residue is found at position 5 and glydne at position 9 ( fig. 7) . Of the DNA-bind1ng proteins examined (16) , E protein shares the most homology to the a-2 and o-3 helices of Cro and the LexR protein.
These structural similarities as well as the observed binding to the repE operator are consistent with the proposed role of E protein 1n the autogenous regulation of the repE gene. A direct demonstration of the specific repression of the repE gene 1n an 1n vitro transcription system should now be possible.
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